Abstract While intravitreal anti-vascular endothelial growth factor (VEGF) therapy is currently the standard of care for the treatment of neovascular age-related macular degeneration, there are some eyes which show varying degrees of treatment resistance manifested as persistent or increasing signs of exudation, often associated with vision loss. Numerous therapeutic strategies have been proposed to manage these challenging cases including increasing the dose of the same anti-VEGF agent, increasing the frequency of administration of anti-VEGF therapy, switching to a different anti-VEGF agent, and combining anti-VEGF therapy with another treatment modality, most commonly verteporfin photodynamic therapy. This manuscript will review our definition of treatment resistance, discuss its possible causes, and review the rationale and outcomes for the various management options used in these patients.
Introduction

Historical Perspective
Intravitreal anti-vascular endothelial growth factor (VEGF) therapy was established as the standard of care for the treatment of neovascular age-related macular degeneration (AMD) in two landmark clinical trials ANCHOR (Predominantly Classic Trial of the Anti-VEGF Antibody Ranibizumab in the Treatment of Neovascular AMD) [1] and MARINA (Minimally Classic/Occult Trial of the Anti-VEGF Antibody Ranibizumab in the Treatment of Neovascular AMD) [2] that evaluated monthly intravitreal injections of humanized monoclonal antibody fragment ranibizumab (Lucentis Ò , Genentech, Inc., South San Francisco, CA; and Novartis, Basel, Switzerland) in eyes with new-onset neovascular AMD. For the first time, vision could be stabilized in 90 % of treated eyes (defined as a loss of fewer than 15 letters) and even improved in 34-41 % of eyes after 24 months of follow-up [1] [2] [3] .
Prior to the commercial availability of ranibizumab, retina specialists began using off-label bevacizumab (Avastin Ò , Genentech, Inc., South San Francisco, CA; and F. Hoffmann-La Roche, Basel, Switzerland), a recombinant full-length antibody derived from the same murine humanized monoclonal antibody precursor as ranibizumab, to treat neovascular AMD with outcomes that seemed similar to those seen in the ANCHOR and MARINA trials. A third anti-VEGF agent, aflibercept (VEGF Trap-Eye, Eylea; Regeneron, Tarrytown, New York, USA, and Bayer, Berlin, Germany), recently became commercially available to treat neovascular AMD. Aflibercept is a soluble decoy receptor produced by fusing all-human DNA sequences of the second immunoglobulin domain of human VEGFR1 and the third immunoglobulin domain of human VEGFR2, which then EW fused to the Fc region of human IgG1.2. The pivotal clinical trials of aflibercept, VIEW (VEGF TrapEye: Investigation of Efficacy and Safety in Wet AMD) 1 and VIEW 2 showed that, at 1 year, aflibercept treatment (0.5, 2 mg monthly, or 2 mg every 2 months after three initial monthly doses) was non-inferior and clinically equivalent to ranibizumab (0.5 mg) given monthly [ 
Long-Term Results with Intravitreal Anti-VEGF Therapy
There is little in the literature describing the long-term visual outcomes in eyes receiving intravitreal anti-VEGF therapy for neovascular AMD. Rofagha et al. looked at a cohort of 65 patients approximately 7 years after their enrollment in the ANCHOR and MARINA trials. These eyes were evaluated in a cross-sectional cohort study called SEVEN-UP [9 • ]. Approximately one-third demonstrated visual acuity of 20/70 or better, one quarter 20/40 or better and almost half of eyes were stable whereas one-third declined by 15 letters or more. Macular RPE atrophy was detected by FAF imaging in 98 % of eyes, and the area of RPE atrophy was significantly correlated with poor visual outcome [9 • ]. While patients in SEVEN-UP were treated at the discretion of their physicians, these results emphasize that neovascular AMD is a chronic disease and that these patients are at risk for vision loss many years after treatment initiation, even if the treatment response was initially optimal [9 • ].
Current Definition of Treatment Resistant Neovascular AMD
The CATT trial showed that even with monthly retreatment with either ranibizumab or bevacizumab, more than 50 % of eyes will manifest persistent fluid on OCT [4, 5 • 
Despite persistent fluid in the majority of cases, eyes in CATT still achieved a mean visual improvement that was maintained for the 2-year duration of the study. Similarly, we have observed that some eyes with persistent fluid despite monthly anti-VEGF therapy, particularly those with subretinal fluid overlying type 1 (sub-RPE) neovascular lesions, may maintain stable visual acuity for five or more years of treatment. Therefore, we feel it is appropriate to consider both the presence of macular exudation (fluid and/ or hemorrhage) and visual function when defining treatment resistance. Eyes can be sub-divided into ''incomplete responders'' in which there is an incomplete anatomic response, but relatively stable visual acuity and ''treatment refractory'' in which there is ongoing or increasing exudation and progressive visual decline despite monthly anti-VEGF therapy.
Tachyphylaxis or Tolerance
The term tachyphylaxis is defined as a diminished therapeutic response to a drug following repeated administration over time and is one mechanism by which treatment resistance to anti-VEGF therapy could occur [10] . One study showed that 10 % (6/58) of eyes treated with bevacizumab developed treatment resistance after a median time of 100 weeks and a median of eight injections; high dose intravitreal bevacizumab (2.50 mg) did not restore therapeutic response in these patients [11] . Eghøj and Sørenson [12] reported that 2 % of 976 patients developed tachyphylaxis over a period of 2 years of an OCT-guided intravitreal ranibizumab therapy. Factors that may play a role in the development of tachyphylaxis are drug administration frequency, dose, and the presence of antibodies targeting the drug. Even though both ranibizumab and bevacizumab are humanized monoclonal antibodies, they may be immunogenic. Another possible explanation for tachyphylaxis is the desensitization of the target tissue caused by up-regulation of VEGF receptors.
In addition to tachyphylaxis, treatment resistance could result from changes occurring in neovascular tissue itself including increased fibrosis, the development of polypoidal vasculopathy [13] , and maturation of the vascular tissue making it less responsive to anti-VEGF [14 • ]. Changes occurring in the neighboring RPE and photoreceptors could also modulate the response to anti-VEGF. Other possible mechanisms of treatment resistance include increased VEGF expression related to macrophages within the neovascular lesion, or a shift of the biological pathway signal transduction towards other stimuli and growth factors involved in CNV growth. Several other pro-angiogenic signaling pathways could compensate for blocking the VEGF signaling pathway.
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Strategies for the Management of Treatment Resistant Neovascular AMD When treating neovascular AMD with anti-VEGF therapy, treatment resistance may occur at the initiation of therapy, or, more commonly, it may develop over the course of treatment. When eyes with treatment-naïve neovascular AMD do not initially respond to monthly anti-VEGF therapy, one should consider masqueraders of AMD including acquired vitelliform lesions in which subretinal fluid can occur without CNV, central serous chorioretinopathy, and polypoidal choroidal vasculopathy (PCV). In some cases of treatment resistance, we find it helpful to examine the patient within 2-3 weeks of an anti-VEGF injection to confirm that there is at least some response to the drug that may not be apparent when the patient is examined 1 month after the prior anti-VEGF injection. Once alternative diagnoses have been excluded and some response to anti-VEGF therapy is documented, there are a variety of strategies used to manage these cases. The most common strategies for managing these cases may be divided into the following categories: increasing the dose of the same anti-VEGF agent, increasing the frequency of administration of anti-VEGF therapy, switching to a different anti-VEGF agent, and combining anti-VEGF therapy with another treatment modality, most commonly photodynamic therapy (PDT).
Increasing the Anti-VEGF Dose
The most commonly used doses for each of the anti-VEGF agents are 0.5 mg/0.05 ml for ranibizumab [1, 2] , 2.0 mg/ 0.05 ml for aflibercept [8 •• ] , and 1.25 mg/0.05 ml for bevacizumab. Forooghian et al. [11] reported lack of efficacy of increasing the dose of bevacizumab to 2.5 mg in eyes with neovascular AMD for eyes that had previously demonstrated a therapeutic effect in the same monthly interval and subsequently experienced loss of response to this drug. Our experience with higher doses of bevacizumab has been similarly disappointing. Also, an injection exceeding 1.25 mg of bevacizumab requires an injection volume in excess of 0.05 ml causing higher post-injection pressure spikes that we prefer to avoid due to concerns of long-term sustained elevations in intraocular pressure.
The finding in the MARINA and ANCHOR trials that the 0.5 mg/0.05 ml dose of ranibizumab appeared to give slightly better visual outcomes than the 0.3 mg/0.05 ml dose [1, 2] suggests that even higher doses of ranibizumab might be of value in the management of resistant neovascular AMD eyes. While the phase III, double-masked, multicenter, randomized, active treatment-controlled study of the efficacy and safety of 0.5 and 2.0 mg ranibizumab administered monthly or on an as-needed basis in patients with subfoveal neovascular AMD (HARBOR) trial did not show better visual outcomes in treatment-naïve eyes receiving a 2.0 mg/0.05 ml monthly dose of ranibizumab compared to eyes receiving 0.5 mg/0.05 ml ranibizumab monthly [15] , there could be a role for higher doses in treatment resistant eyes.
In order to explore the possibility that higher doses of ranibizumab might be beneficial in cases of treatment resistance, we initiated the LAST study (pilot study to evaluate the role of high-dose ranibizumab 2.0 mg in the management of neovascular AMD in patients with persistent/recurrent macular fluid \30 days following treatment with intravitreal anti-VEGF therapy) which compared the outcomes of 2.0 mg/0.05 ml and 0.5 mg/0.05 ml monthly ranibizumab in cases with persistent subretinal or intraretinal fluid following at least six monthly intravitreal injections of 0.5 mg ranibizumab or 1.25 mg bevacizumab [16] . Following three consecutive monthly treatments we used a ''treat and extend'' regimen (TER). At month 6, the mean improvement in BCVA was ?6.1 letters and ?2.0 ETDRS letters in the 2.0 and 0.5 mg groups, respectively. The 2.0 mg group achieved better anatomical outcomes with a significant decrease in SRF and maximum PED height. No adverse events were reported in either group.
Other investigators have tried higher doses of ranibizumab in treatment resistant eyes. Chan et al. [17] reported a series of three treatment-naïve cases with dramatic resolution of subretinal fluid and flattening of the PED following the first intravitreal injection of 2.0 mg ranibizumab. The SAVE (super-dose anti-VEGF) phase I-II multicenter, open-label, randomized, controlled clinical trial evaluated the efficacy of 2.0 mg ranibizumab in a volume of 0.05 ml (formulated by Genentech, Inc.) in cases with persistent activity despite monthly intravitreal ranibizumab and/or bevacizumab treatment [18] . These patients were treated with three consecutive monthly injections of 2.0 mg ranibizumab followed by a capped pro re nata (PRN) strategy with fixed quarterly injections. At 3 months, 6 % of eyes gained and 1 % of eyes lost 15 or more letters, with an overall mean gain of ?3.3 letters; a statistically significant decrease in retinal thickness was also evidenced, with resolution of intraretinal and subretinal fluid in 50.0 and 69.8 % of cases, respectively. There were no significant ocular or systemic safety issues. Sarraf et al. [19] found an increased risk for RPE tear in patients treated with 2.0 mg ranibizumab (10.8 %) compared with 0.5 mg (2.7 %), although these were cases with PED height, surface area, and greatest linear diameter significantly greater than those that did not develop RPE tears.
Further studies are needed to assess the safety and efficacy high-dose 2.0 mg ranibizumab for the management of treatment resistant neovascular AMD, but, unfortunately, Genentech, Inc. appears to have discontinued their 2.0 mg ranibizumab program. Currently, as with bevacizumab, higher doses of ranibizumab require injecting volumes exceeding 0.05 ml using the commercially available formulation. For this reason, in our practice, we avoid using higher doses of ranibizumab.
Increase Anti-VEGF Frequency While monthly injections of ranibizumab are often considered the ''gold standard'' for the treatment of neovascular AMD [1, 2] , a variety of alternative dosing strategies have emerged in an attempt to minimize the burden of monthly follow-up visits and intravitreal treatments in patients with neovascular AMD. The two most commonly used alternative regimens are ''as needed'' OCT-guided PRN treatment and an extended maintenance regimen known as ''treat and extend'' (TER). In a PRN strategy, patients are followed every month with visual acuity and imaging findings, in particular OCT. Whenever a patient shows vision loss, bleeding or subretinal or intraretinal fluid on OCT, an injection may be performed; however, in the absence of vision loss, blood or macular edema, the patient is not injected and is instructed to return the following month [ 
The TER approach implies treatment at each visit, but at less than monthly intervals as the follow-up monitoring visits are extended gradually to a maximum 8-12 weeks interval if there continues to be an absence of visual acuity loss and exudative signs on OCT [23-25, 26 • , 27] . If an eye shows recurrent fluid, the interval is shortened. If with monthly treatment, fluid persists, there is a rationale to shorten the anti-VEGF injection interval even further.
Stewart et al. [28] reported a mathematical model comparing the time-dependent relative binding activities of ranibizumab and bevacizumab showing that a significant improvement in trough binding activity may be achieved with biweekly injections. For example, the trough activities of 1.25 mg bevacizumab given biweekly ranged from 6.29 to 6.66-fold higher than those for 1.25 mg bevacizumab given monthly. Also, with 0.5 mg ranibizumab given biweekly, the 28-day trough binding activity was 5.44-fold higher than the trough of monthly 2.0 mg ranibizumab. The 28-day trough binding activity of monthly 0.5 mg aflibercept resulted in a 457.42-fold higher than for monthly 0.5 mg ranibizumab, 21.03-fold higher than 0.5 mg ranibizumab given biweekly, and 114.35-fold higher monthly 2.0 mg ranibizumab. And it resulted in 14-57-fold higher than that for monthly 1.25 mg bevacizumab [28] . The authors concluded from this VEGF binding activity model that increasing the frequency of anti-VEGF therapy to every 14 days may be an attractive alternative for resistant neovascular AMD cases, but obviously with a significant increase in the burden and costs of visits and treatments. The other possibility could be switching the treatment to aflibercept as it was shown to have a higher VEGF binding activity.
In our practice, we occasionally use shorter than 28-day injection intervals in treatment-resistant cases. Typically, we try this option in eyes showing increasing fluid despite monthly treatment with 2.0 mg aflibercept. In some cases, we have been able to use this strategy successfully to consolidate the neovascular tissue allowing for a subsequent extension back to a longer dosing interval. We have observed a higher rate of RPE tears in treatment resistant eyes harboring large elevated vascularized PEDs when they are switched to this more intense regimen.
Change of Anti-VEGF Agent
Monthly injections of 0.5 mg ranibizumab are often considered the ''gold standard'' for the treatment of neovascular AMD [1, 2] . While monthly 1.25 mg bevacizumab was shown to be non-inferior to monthly 0.5 mg ranibizumab in several large randomized clinical trials, eyes treated with bevacizumab tend to have more fluid, making this drug a less attractive alternative anti-VEGF agent for treatment resistant cases [4, 5 •• , 6, 7 •• ]. There have been several reports describing the results of switching treatment resistant eyes from bevacizumab to ranibizumab. Stepien et al. [29] reported a small subset of patients with neovascular AMD switched from bevacizumab to ranibizumab therapy with no differences in visual outcomes or injection rates. However, Kent et al. [30] showed an initial significant improvement in vision and macular thickness in patients initially treated with bevacizumab, with further significant improvement when they were uniformly switched to ranibizumab at the time that it became publicly funded by the local government. In another study, Gasperini et al. [31] reported that 81 % of resistant neovascular AMD cases evidenced at least some response following switching from bevacizumab to ranibizumab, but similar improvements were seen in eyes switched from ranibizumab to bevacizumab, suggesting that tachyphylaxis to the prior agent was the mechanism for the improvements seen following the switch rather than a higher potency of ranibizumab.
Once aflibercept became commercially available, it became a popular choice for rescue therapy in eyes showing treatment resistance to bevacizumab and/or ranibizumab [27] . The reported higher binding affinity of aflibercept and mathematical modeling by Stewart et al. [28] showing higher trough VEGF binding activity for longer durations than the alternative agents, made aflibercept an attractive choice for this purpose. Although 2.0 mg aflibercept is approved as a bi-monthly treatment following three monthly doses, the VIEW 1 and VIEW 2 studies showed that monthly 2.0 mg aflibercept had similar safety to monthly 0.5 mg ranibizuamb and achieved superior visual outcomes to monthly 0.5 mg ranibizumab at 1 year in one of these large pivotal trials. These findings further support the use of monthly 2.0 mg aflibercept for treatment resistant eyes. Our practice's experience with this strategy was reported by Kumar et al. [32 • • ] who showed positive visual and anatomical outcomes after 6 months of treatment with aflibercept in cases with persistent subretinal and/or intraretinal fluid despite monthly treatment with ranibizumab. The mean visual acuity improved from 20/75 to 20/60; the mean central foveal thickness decreased from 416 to 248 lm; the mean maximum PED height decreased from 260 to 214 lm, and the mean PED diameter decreased from 3.3 to 2.9 [32 •• ] . Following this publication, several retrospective case series have shown a variable efficacy of switching eyes from ranibizumab and/or bevacizumab to aflibercept. The majority of these reports show considerable variability in the definition of treatment resistance, length of follow-up, and the anti-VEGF treatment regimens prior to the switch to aflibercept.
Patel et al. [33] reported a dramatic resolution and visual improvement in eyes with large serous PEDs and subretinal fluid associated with occult neovascular AMD following intravitreal administration of aflibercept over a 3-month period after bevacizumab and/or ranibizumab failed to resolve these lesions.
Ho et al. [34] evaluated the response to switching 96 eyes in 85 patients from bevacizumab, ranibizumab or both to three monthly consecutive aflibercept injections followed by an additional injection 2 months later. By month 4 ± 1, 86 % of eyes remained stable (±1 line of vision), 7 % gained two or more lines, and 7 % lost two or more lines. The qualitative analysis of OCT morphology showed complete resolution of exudation in 5 %, partial resolution in 49 %, no change in 32 %, and worsening in 14 %.
Yonekawa et al. [35] evaluated the response to switching 102 eyes of 94 patients from bevacizumab and/or ranibizumab to aflibercept. After a mean follow-up of 18 weeks and 3.8 aflibercept injections, the mean central macular thickness significantly decreased and the injection interval was extended from 5.2 to 6.2 weeks with aflibercept in refractory cases (persistent exudation) and from 7.2 to 9.5 weeks in recurrent cases (exudation suppressed but requiring frequent retreatments). However, there was no significant improvement in visual acuity.
Bakall et al. [36] evaluated the response to switching 36 eyes in 31 patients from bevacizumab and/or ranibizumab to three consecutive monthly aflibercept injections. Subretinal or intraretinal fluid decreased in 50 %, remained stable in 41.7 %, and increased in 8.3 %. However, no significant improvement in visual acuity was observed.
Cho et al. [37] evaluated the response to switching 28 eyes in 28 patients from bevacizumab and/or ranibizumab to monthly aflibercept, although 75 % of cases were extended to 6-8 week treatment intervals within the 6-month study period. After an average of 4.4 aflibercept injections, 64 % of eyes with persistent subretinal fluid had some degree of improvement, 23 % remained stable, and 14 % worsened. Of those with persistent intraretinal fluid, 63 % showed improvement, 25 % remained stable, and 13 % worsened. 47 % of eyes with PED had some improvement in its height, 53 % remained stable, and none got worse. However, no significant improvement in visual acuity was observed.
Combination Therapies
The rationale for combining different therapeutic approaches for the management of neovascular AMD relates to the diversity of neovascular lesion types and the different biochemical pathways that can lead to CNV formation and activity. One of the most frequently used combination approaches for neovascular AMD has been verteporfin PDT combined with intravitreal anti-VEGF therapy. In general, for treatment naïve eyes, PDT combined with anti-VEGF therapy may reduce the need for frequent injections, but may not achieve equivalent visual acuity outcomes [1] [2] [3] . Indeed, randomized trials comparing PDT and ranibizumab to ranibizumab alone showed that ranibizumab monotherapy yielded superior visual outcomes [38, 39] . However, in certain situations, such as treatment resistant cases and PCV, verteporfin PDT combined with anti-VEGF therapy may be useful. In the EVEREST Study, although no difference was seen in visual outcomes, verteporfin PDT combined with anti-VEGF therapy achieved a higher rate of polyp closure when compared to anti-VEGF monotherapy [40] .
It has been suggested that combining an intravitreal steroid with anti-VEGF therapy may be beneficial by inhibiting the underlying inflammatory component of CNV [41, 42] . Veurink et al. [43] evaluated the in vitro stability of ranibizumab and bevacizumab in combination with dexamethasone phosphate and triamcinolone acetonide, showing that the resulting suspension might not decrease the stability of these antibodies.
Schaal et al. [44] suggested that the combination of preservative-free triamcinolone acetonide may reduce the bioefficacy of intravitreal bevacizumab monotherapy in cases of neovascular AMD. A few other reports have suggested a possible role of dexamethasone in combination with anti-VEGF therapies [45, 46] . Studies exploring the combination of verteporfin PDT, anti-VEGF and intravitreal dexamethasone failed to show superior visual outcomes when compared to anti-VEGF monotherapy [47] [48] [49] .
In our practice, we use the combination of PDT and anti-VEGF in managing select cases of treatment resistance when the other strategies described above have failed. We have had the greatest success using PDT and anti-VEGF combination therapy in eyes in which the continued exudation can be attributed to PCV and in eyes having with overlapping features of neovascular AMD and CSC. We are not currently using combination strategies employing intravitreal steroids, as we have not found the addition of either intravitreal dexamethasone or triamcinolone acetonide to be of added benefit.
Conclusions
Clinical Pearls for the Management of Treatment Resistant Neovascular AMD It is not possible to summarize our current approach to managing eyes exhibiting treatment resistance, as individualized therapy is currently the trend in our practice. We tend to modify our regimen primarily in eyes in which persistent exudation is associated with vision decline, those we describe as ''treatment refractory.'' For these eyes, if they are currently on monthly bevacizuamb or ranibizumab, we will frequently switch to monthly aflibercept as our initial approach. Often, this switch will result in an improved anatomic appearance, sometimes with a small incremental improvement in visual acuity [32] . In our experience, aflibercept appears more effective than the alternative agents in eyes with PCV, particularly when there is concomitant increased choroidal thickness. We have observed a high frequency of treatment resistance in eyes having features of both neovascular AMD and CSC, an entity we call ''pachychoroid neovasculopathy'' [50 • ].
If fluid persists following a switch to monthly aflibercept, we will sometimes perform a brief trial of bi-monthly anti-VEGF therapy that usually involves an injection of bevacizumab given midway between monthly aflibercept injections. In some eyes, this strategy has resulted in consolidation of the neovascular tissue manifested as flattening of vascularized PEDs on OCT. When this occurs, we have sometimes been able to maintain stability in these eyes with less frequent injections.
We tend to use verteporfin PDT in combination with anti-VEGF therapy in those cases in which these other strategies have failed and there is ongoing vision loss or when imaging clearly shows PCV as the cause of treatment resistance. When performing combined PDT and anti-VEGF therapy, we typically use half-fluence PDT (fullfluence for PCV) in between monthly anti-VEGF treatments. We typically treat the smallest area possible in hope of reducing the risk of severe vision loss and, if feasible, direct foveal treatment.
In summary, the management of treatment resistance is one of the greatest challenges we face when treating neovascular AMD. While there are multiple strategies to choose from, there is little randomized clinical trial data to help guide the decision as to which of these options to choose. For these patients, clinicians may be best-served by drawing from their own experience, using good clinical judgment, and recognizing that neovascular AMD is a chronic disease which requires long-term management.
